Positron emission tomography (PET) performed with ~'8F)-2-fluoro-2-deoxy-~-glucose (pF]FDG) was used to measure local cerebral metabolic rate for glucose (1CMRGlc) interictally in 31 patients with chronic partial epilepsy and 16 age-matched normal subjects. Hypometabolic zones were visualized in 25 patients (81%). Cortical ICMRGlc in hypometabolic zones was within 2 standard deviations of the mean for normal temporal cortex in all but 8 patients. However, in 24 patients asymmetry between the hypometabolic cortex and homolo,gous contralateral cortex was more than 2 standard deviations above the mean cortical asymmetry for normals. There was good correlation between hypometabolic zones and electroencephalogram (EEG) foci in patients with unilateral well-defined EEG foci. Diffuse or shifting EEG abnormalities were often associated with normal PET scans. Of 28 patients who underwent magnetic resonance imaging, 10 showed focal temporal lobe abnormalities corresponding to focal hypometabolism. While the { "F]FDG PET scan cannot currently localize an epileptogenic zone independently, the absence of focal hypometabolism or its presence contralateral to a presumed EEG focus suggests the need for additional electrophysiological data.
The classical view of epilepsy, stemming from the concepts of J. Hughlings Jackson { 2 11, emphasizes cortical instability and discharges during seizures. More recent observations in studies of cerebral blood flow {lo, 181, glucose metabolism { 11, 181, electrophysiology 1141, and behavior {2, 131 indicate that in epileptic patients brain function is altered interictally also.
Positron emission tomography (PET) with {"Ff2-fluoro-2-deoxy-D-glucose ({"FJFDG) has shown that, in the interictal state, local cerebral metabolic rate for glucose (1CMRGlc) is reduced in the region of the epileptogenic focus in 70 to 80% of patients with chronic partial epilepsy 17, 8, 237. However, quantitative or standardized criteria for evaluating the degree of hypometabolism and for comparing results from different studies have not been established. We used a standardized method to compare cortical asymmetry with absolute ICMRGlc and visual inspection of hypometabolic zones, and correlated the asymmetry with sites of surface electroencephalogram (EEG) abnormalities. We also compared the PET and EEG findings in patients with normal and abnormal magnetic resonance (MR) images. Finally, we assessed the clinical use of the PET data in the presence of conflicting or bilateral surface EEG abnormalities. A preliminary report of these results has been presented {lf.
Patients and Methods

Szl bjects
Nineteen women and 12 men with partial seizures were studied. Their ages ranged from 16 to 72 years (mean 28 years); the age at seizure onset ranged from 2 months to 43 years (mean 11.5 years); and the duration of their epilepsy ranged from 3 to 30 years (mean 16.5 years). Seizure onset followed meningitis in 2 patients, encephalitis in 1, significant head trauma in 2, and radiation therapy to the orbit for ocular tumor in 1. Nine patients had a history of childhood febrile convulsions, and 13 reported seizures in other family members. All patients had complex partial seizures, 23 had simple partial seizuxes, and 4 had tonic-clonic seizures.
Sixteen normal volunteers were studied, including 7 women and 9 men aged 18 to 53 years (mean 33 years).
Informed consent was obtained. Subjects with progressive neurological disease or significant systemic or psychiatric disorders were excluded. 'EEG localization was based on interictal surface recordings in all the patients as in Table 1 . Sphenoidal ictal recordings, where available, were nonlocalizing in patients 2 and 4; localizing to the left in patients 3, 5, and 6; and localizing to the right in patient 8. dLocation of relative hypometabolism.
'Patients 6 and 8 had computed tomography abnormalities in the same region as the MR focus. MR = magnetic resonance; EEG = electroencephalogram; PET = positron emission tomography.
Computed Tomography and Magnetic Resonance Scans
All patients and normal volunteers underwent computed tomography (CT) scans. Twenty-eight patients (including 10 reported previously by Latack and associates 112)) were also subjected to MR imaging, which was performed with a 0.35-T superconductive magnet utilizing a spin-echo pulse sequence. MR-signal abnormalities were interpreted as described previously [l2). In 29 patients the CT scans were normal or showed mild diffuse substance loss. Although a criterion for entry into the study was the absence of focal CT scan abnormalities, a subtle focal abnormality in the temporal lobe was found in 2 patients when their CT scans were visualized retrospectively after inspection of MR scans. 
EEG
PET Scans
The instrumentation and procedures for the [18F)FDG PET scans have been described previously [9}. All patients underwent PET scans in the interictal state while maintained on their usual antiepileptic drugs. Subjects were scanned in a quiet, dim room; their eyes were covered but their ears were not plugged. Five to 10 mCi of pF]FDG was injected intravenously and radial arterial blood was sampled for ["F} plasma concentrations. Image planes were parallel to the 
PET Analysis
PET scans were reviewed independently by two investigators, one of whom was blinded to the EEG data. Regions of relative hypometabolism were selected by visual inspection and considered significant only if there was evidence of hypometabolism on at least 2 levels. Peak cortical ICMRGlc was identified in single pixels on contiguous horizontal histograms of single rows of pixels through the image from anterior to posterior. Single pixels showing the highest values within the cortical regions were taken as peak cortical ICMRGlc. The peak cortical pixels for lateral and mesial temporal cortical regions could be easily identified on these histograms (Fig 1) . The lCMRGlc was measured in the cortical peak within the nadir (cortical pixels with lowest ICMRGlc) of the hypometabolic zone and in the contralat-eral homotopic cortex. The ICMRGlc in the hypometabolic zone was compared to the contralateral side using the follow- 21 . In this calculation, A1 is the difference between the left (L) and right (R) lCMRGlc pixel values expressed as a percentage of the mean of the pair (L + R). A negative value for A1 indicates that the left side lCMRGlc is lower than the right.
Both ICMRGlc and A1 were calculated for lateral and mesial temporal cortical regions in the 16 normal volunteers using the standardized method described above. Normal mean temporal cortex values are based on calculations for 8 single peak cortical pixels from anterior to posterior in each of 2 consecutive image levels containing both mesial and lateral temporal cortex in the 16 subjects (see Fig 1) . This was the most common location of hypometabolism in epileptic patients.
Results
PET Scans
Focal hypometabolism was found by visual inspection in 25 of 31 patients (81%) (see Table 1 ). The abnormalities were localized as follows: unilateral temporal in 17 patients, unilateral temporofrontal in 5 patients, and bilateral temporal in 3 patients. Selective frontal hypometabolism was not observed in these patients. Table 1 shows that 15 of the 22 patients with unilateral hypometabolic zones (68%) had a well-defined EEG focus ipsilateral to the zone of relative hypometabolism. Two of the 22 patients showed focal hypometabolism contralateral to a well-defined EEG focus. In these 2 patients, the EEG focus was located in the parasagittal-temporal electrode derivations, while EEG spikes in all other patients with a unilateral focus were confined mainly to the temporal regions. In contrast, only 1 of the 6 patients with no hypometabolic zone had a well-defined EEG focus. In this case, the EEG records showed only rare left sphenoidal sharp waves, while most other patients with well-localized EEG foci and regional hypometabolism had frequent epileptiform activity. In the remaining 5 patients with normal PET scans, the EEG showed shifting and diffuse abnormalities. Three of the 5 patients with unilateral hypometabolism but bilateral interictal EEG foci or diffuse and shifting EEG abnormalities had one ictal focus demonstrated by sphenoidal or depth ictal recordings. In all 3 the ictal focus corresponded to the hypometabolic zone. Thus, a unilateral hypometabolic zone may indicate the side of ictal onset in the presence of bilateral interictal surface EEG abnormalities.
Correlation of PET and EEG
Five of the 7 patients with diffuse and shifting EEG abnormalities had normal PET scans (see Table 1 ). In 3 of the 5, multiple ictal recordings were available but not localizing. Two other patients with diffuse EEG changes had regional hypometabolism. One had ictal Table 1 ). Only 2 of the 5 patients with bilateral well-defined EEG foci also had bilateral zones of hypometabolism (Fig 2) . Multiple ictal recordings in these 2 patients were nonlocalizing.
Correlation of EEG and PET Scans with M R Images
Ten of the 28 patients scanned with MR had focal changes on MR images (see Table 2 ). The MR changes consisted of increased signal intensity, which was best seen on T2-weighted images, in the temporal lobe in 9 patients and unilateral temporal lobe atrophy in 1 patient. Seven of the 10 patients, including the one with substance loss, had unilateral well-defined surface EEG foci in the corresponding temporal lobe (see Table 2 ). Two patients had bilateral independent surface EEG foci with the dominant focus in the temporal lobe corresponding to the focal MR signal. In one of these 2 patients (see Table 2 , patient 3), surface ictal recordings with sphenoidal electrodes confirmed a seizure focus corresponding anatomically to the focal MR and PET abnormalities. The remaining patient with focal MR signal abnormalities showed shifting surface EEG abnormalities. However, ictal recordings with sphenoidal electrodes available in that patient (see Table 2 , patient 5) confirmed a mesial temporal seizure focus corresponding to the location of focal MR and PET abnormalities. Thus, all the patients with MR abnormalities had either an ictal focus or a single well-defined or dominant interictal focus in the corresponding temporal lobe.
All 10 patients with abnormal MR images showed regions of hypometabolism in the corresponding temporal lobes (see Table 2 ). In addition, 2 of these patients showed a second zone of hypometabolism in the opposite temporal lobe. One of these (see Table 2 , patient l), with left temporal lobe atrophy on MR, had a left unilateral interictal EEG focus, and one (see Table 2 , patient 2) had bilateral interictal EEG foci with the dominant focus corresponding to the side of abnormal MR-signal. Table 3 .)
Normal MR imaging was obtained on 11 patients with unilateral hypometabolism, 1 with bilateral hypometabolism (and bilateral independent EEG foci), and 6 with normal PET scans.
Comparison of AI with Absolute lCMRGlc Values
Normative data for cortical peak ICMRGlc are summarized in Table 3 . Note the wider range of variability in absolute ICMRGlc than in AI. The standard deviation (SD) for absolute lCMRGlc values in lateral and mesial temporal cortex is 20 to 21% of the means, while the SD for A1 is 10% of the means of the homotopic pairs in normal subjects (see Table 3 ). In addition, the lCMRGlc in mesial temporal cortex is about 13% less than in lateral temporal cortex (see Table 3 ). Figure 3 shows lCMRGlc and A1 values for the 25 patients whose lateral temporal hypometabolic regions were identified visually. Absolute cortical lCMRGlc values in the nadir of the hypometabolic zones in 17 of the 25 patients were within 2 SDs of the normal mean. In contrast, the A1 was outside 2 SDs of the normal mean in all but one case (see Fig 3) . Accordingly, the relative A1 values are much more sensitive than the absolute lCMRGlc values in distinguishing epileptic patients from normal subjects.
Correlation of PET Findings with Clinical Data
No significant relationship was found between the presence of a hypometabolic zone and the following clinical characteristics: age, sex, age at seizure onset, duration of epilepsy, seizure frequency, type of partial seizure, family history of epilepsy, and history of febrile convulsions. However, all 6 patients with an identified etiologic factor in their history had an abnormal PET scan.
Postictal PET Scans
In addition to their interictal scans, postictal PET scans were obtained in 2 patients. In both, {18F]FDG was injected 20 minutes after a complex partial seizure with secondary generalization. In the first patient, the interictal scan was normal but the postictal scan showed a maximum of 28% asymmetry in the temporal and occipital cortex. In that patient, neither the interictal nor the ictal EEG permitted localization of the focus. In the second patient, whose interictal scan showed a maximum. anterior temporal cortex asymmetry of 17%, the hypometabolic region widened in area and the maximum anterior lateral temporal cortex asymmetry increased to 24% in the postictal scan (see Fig 2) . In this case, the interictal EEG showed bilateral independent temporal lobe foci, and the ictal EEG did not permit localization of the seizure onset. These data indicate that seizures may produce transient hypometabolism postictally.
Ictal PET Scans
Two ictal scans were obtained. In one {18F]FDG was injected within seconds after the onset of a complex partial seizure. In the second, {18F]FDG was injected within 10 seconds of the onset of loss of consciousness, which followed a 2-minute aura. In the first case, a well-defined area of relative hypermetabolism was seen in one temporal lobe, corresponding to a previously observed interictal hypometabolic zone (Fig 4) .
This region also ccrresponded to the EEG focus. It is of interest that the relative hypermetabolism extends to the ipsilateral caudate nucleus (see Fig 4) . In the second case (not shown), lCMRGlc was increased asymmetrically in both temporal lobes compared to the interictal scan. The interictal PET scan, however, was symmetrical, a.nd localization of an EEG focus was not possible on inrerictal or ictal recordings.
Discussion
PET Scan AnalysiJ
Our data show that in the temporal cortex, which is the most common site of hypometabolism, there is normally a large variability in lCMRGlc (see Table 3 ).
Many of the visually detected hypometabolic zones do not correspond with absolute lCMRGlc values outside of the normal range (see Fig 3) . However, all but one of the visually detected hypometabolic regions correspond with A1 values of 20% or more (see Fig 3) .
Thus, using an arbitrary cutoff of 2 SDs (20%, see Table 3 ), the AI value permitted identification of an abnormal PET scan in 24 of 31 epileptic patients (77%). Basing the analysis on comparison of the cortical peaks within the suspected region and the homologous contralateral region (AI) provides a standard method that allows comparisons between scans or among studies. However, the method does not completely eliminate investigator bias, since only pixels within the visually discerned hypometabolic zone were analyzed.
Correlation of PET and EEG
Patients with a well-defined unilateral EEG focus tended to have PET scans that showed a single ipsilateral hypometabolic zone (see Table 1 ). In contrast, patients with the least localizing EEGs were most likely to have a normal PET scan (see Table 1 ). Three of the 5 patients with bilateral well-defined interictal surface EEG foci had only unilateral zones of hypometabolism (see Table l ), but ictal onset data in 2 of the 3 correlated with the side of hypometabolism. In some cases, one hemisphere may contain a mirror focus. Hypometabolism may not always be produced in mirror foci of secondary epileptogenesis. Alternatively, the wide range of normal variation in lCMRGlc and reliance on asymmetry measurements may cause investigators to miss contralateral changes.
An important question is how to use the [18F)FDG PET data in determining the side of epileptogenic foci.
It is evident from Table 1 and earlier studies 13, 7, 8, 231 that when there is a well-defined unilateral EEG focus, the {'*F)FDG PET scan is likely to show an ipsilateral hypometabolic region. Thus, the ['*F)FDG PET scan, when positive in such patients, confirms the EEG data and may eliminate the need for additional confirmation from implanted depth electrodes.
However, cases where a new means of establishing the epileptogenic focus is most needed are those without well-defined unilateral EEG abnormalities on scalp and sphenoidal recordings. In these cases, the C1*F)FJ3G PET scan does not provide the data necessary to identify an epileptogenic source. The [18FIFDG PET scan is often normal in the presence of diffuse or shifting EEG abnormalities (see Table 1 ) and nonlocalizing ictal recordings. Hypometabolism by itself is nonspecific with regard to tissue pathophysiology and does not establish epileptogenicity. In patients with a hypometabolic zone but no corresponding welldefined EEG focus, additional EEG studies, such as depth electrode recordings, may be required.
We wished to evaluate the significance of focal hypometabolism in the presence of interictal surface EEG data that conflict with PET results. Our experience with available ictal data from depth electrodes in 1 patient and from sphenoidal electrodes in 2 patients supports the conclusion that in the presence of bilateral interictal surface EEG epileptiform abnormalities, focal hypometabolism indicates the side of ictal onset 16) . Therefore, if the hypometabolic region does not agree with an otherwise well-defined surface EEG focus, additional data, such as depth electrode recordings, should be obtained to localize the epileptogenic focus.
Cowekztion of PET and M R Scans
Foci of increased MR signal in the temporal lobe are found in approximately a third of patients with partial seizures in this series (see Table 2 ). When present, increased MR signal is correlated with an EEG focus and region of hypometabolism in the same temporal lobe (see Table 2 ). However, caution is necessary. In one series of patients, an MR signal abnormality was observed contralateral to an EEG focus and hypometabolism E223. In another series, 3 patients with focal abnormal MR signal had normal C1*F)FDG PET scans 120).
Dynamic Properties of the Hypometabolic Zone
The pattern of hypometabolism is not fixed, but appears to change in relation to ictal events. The two PET scans repeated 20 minutes postictally after secondarily generalized seizures showed the appearance of new areas of hypometabolism in one, and intensification and wider encroachment of hypometabolism in the other (see Fig 2) . The 2 ictal ["FIFDG PET scans were very different in appearance. One showed focal hypermetabolism corresponding to the seizure focus, while the other scan was nonlocalizing. There are very few observations concerning subcortical structures in patients during partial seizures 14). Involvement of the thalamus has been observed in one case {S). Figure 4 shows that the ipsilateral caudate nucleus may be involved in a partial complex seizure.
The 30-minute uptake period in ["FIFDG PET studies limits their usefulness in kinetic studies. Further investigation with tracers such as oxygen-015 allowing repeated studies with short intervals are needed to elucidate the clinical significance of ictal and postictal scans [17) .
